In the mature cerebral cortex of higher vertebrates, neurons are arranged in layers, each layer containing neurons of the same functional class. The cortical layering pattern is laid down during development by migration of young post-mitotic neurons along glial fibres to their correct positions in the cortical plate. The mechanics of whole-cell movement are well understood, but there is still uncertainty as to how a migrating neuron is instructed to leave its glial support when it reaches its destination. An intraneuronal signalling pathway initiated by reelin and containing apolipoprotein E receptor 2 (apoER2) is essential for normal cortical layering, and there is strong evidence that detachment of a migrating neuron is brought about by reelin-dependent downregulation of a3 integrin. But there remains the problem of how the reelin signal is switched on at a position in the cortex appropriate for each class of neuron. ApoER2 of placental mammals contains an amino acid sequence that is encoded in a separate exon in the apoER2 gene and is required for normal memory and spatial learning. The separate exon is not present in marsupials, birds or reptiles. The addition of this exon to the evolving apoER2 gene may have contributed to the success of placental mammals.
INTRODUCTION
Apolipoprotein E receptor 2 (apoER2; also known as LRP8) is a cell-surface receptor essential for normal layering of neurons in the developing mammalian cerebral cortex and for the activity of a subclass of synapses in the adult mammalian brain (see Forster et al. 2006 for review) . In this review, I discuss the effect of an evolutionary change in the apoER2 gene on brain function.
The review begins with a brief account of the migration of immature neurons into the embryonic cerebral cortex to form a layered structure, the control of this process by a reelin-activated signalling pathway that includes apoER2 and the molecular mechanisms underlying this control. Next, the role of apoER2 in the mature animal is considered. In adult mice, normal memory and learning require the presence of apoER2 containing an additional amino acid sequence encoded in an alternatively spliced exon in the apoER2 gene. The addition of this exon to the gene occurred at an early stage in the evolution of placental mammals and may have contributed to their success.
THE FORMATION OF CEREBRAL CORTICAL LAYERS DURING DEVELOPMENT
Formation of the layered cortex in the mammalian brain begins with the outward migration of post-mitotic neurons from a germinal layer, the ventricular zone (VZ) deep in the embryonic forebrain, to form a transient layered structure called the cortical plate (CP; figure 1 ). All the cells in a given layer of the CP eventually give rise to neurons of the same functional class in the corresponding layer of the mature cortex. The first cohort of migrating neurons forms the innermost layer of the CP, subsequent cohorts migrating past their predecessors in the CP to take up more superficial positions. This pattern of generating cortical layers, in which the oldest neurons form the deepest layers of the CP and those arriving later are more superficial, is known as inside-out. Migration of neurons takes place by crawling along glial fibres that span the width of the cortex from the VZ to the marginal zone (MZ) immediately beneath the pia (figure 1). The MZ contains a layer of specialized cells called Cajal -Retzius (CR) cells, which secrete reelin.
The crawling of embryonic cortical neurons is driven by changes in the shape of the actin-rich layer of the cytoskeleton underlying the plasma membrane (the cell cortex). These changes are brought about by the controlled assembly and disassembly of actin filaments from soluble subunits in the cell cortex. The forward movement of a neuron along its glial support may be seen as a sequence of steps. First, the lagging edge is anchored to the glial fibre by focal adhesions (see below) while the plasma membrane at the leading edge is pushed forward by increased local formation of actin filaments. Next, focal adhesions are formed at the leading edge while those at the lagging edge are dismantled. Finally, the body of the cell is pulled forward, probably by contractile stress fibres attached to the focal adhesions at the leading edge. When a neuron has reached its laminar destination, it disengages from its glial support.
In addition to the predominant mode of migration of cortical neurons by glial-guided crawling, migration may also occur by nuclear translocation in which the neuron extends a leading process oriented radially towards the pia, followed by movement of the cell nucleus through the elongated process (Nadarajah et al. 2001) . Nuclear translocation is most evident in the initial stage of cortical development, when the cortex is thin, and at the stage when neurons approach their final position in the CP.
The principal component of a focal adhesion is a cellsurface receptor (the integrin) with an intracellular domain bound to the cell cortex and an extracellular ligand-binding domain that binds to specific elements in the extracellular matrix (ECM) or on the surfaces of other cells. Each integrin is a heterodimer of a-and bsubunits, each type of subunit existing in several different forms. The affinity of an integrin for its ligand is regulated by signals transmitted from the cytoplasmic domain to the ligand-binding domain (Hynes 2002) .
THE REELER MUTATION AND THE REELIN SIGNALLING PATHWAY (a) The reeler syndrome
In 1951, Falconer reported the spontaneous appearance of an autosomal recessive mutation in a colony of inbred mice at the Institute of Animal Genetics, Edinburgh (Falconer 1951) . At about 18 days after birth, a mouse homozygous for the mutation begins to have difficulty holding its hindquarters upright, and when it tries to walk, it falls onto its side. The mutation was named 'reeler'. The mutant allele at the reeler locus in the Edinburgh strain of reeler mice is denoted rl.
The pathological changes underlying the symptoms in reeler mice are most evident in the cerebral cortex and cerebellum (Caviness 1982) . Migration of post-mitotic neurons from the VZ begins at the normal developmental stage and proceeds as far as the intermediate zone of the cortex (Caviness 1982) . However, early-born neurons fail to advance into the CP region. The majority of neurons arriving later are unable to bypass their predecessors, resulting in the formation of a misplaced CP in which the oldest neurons are on the outside (outside-in pattern). The cerebellum in reeler mice is greatly reduced in size and the Purkinje cells, normally arranged as a single layer between the molecular and granular layers, fail to migrate from the inner layer of the cerebellar cortex.
(b) Reelin and the reelin gene The mouse reelin gene spans about 450 kb of genomic DNA and has 65 exons encoding a protein with 3461 amino acids (Miao et al. 1994; D'Arcangelo et al. 1995; Royaux et al. 1997) . The mutant gene in the Edinburgh strain of reeler has a 150 kb genomic deletion that includes a deletion of about 8 kb of 3 0 coding sequence (Bar et al. 1995; D'Arcangelo et al. 1995) .
(c) The reelin signalling pathway At about the time when germinal neurons begin to migrate from the VZ, reelin activates a signalling pathway within the migrating neurons. This pathway is essential for the normal development of the inside-out layered cortex.
Reelin is secreted by CR cells into the ECM as a homodimer (Kubo et al. 2002; Strasser et al. 2004) . Dimerized reelin binds to the extracellular binding domains of apoER2 and very-low-density-lipoprotein receptor (VLDLR), two receptors expressed on the surfaces of migrating neurons (D'Arcangelo et al. 1999; Strasser et al. 2004) . Reelin binding to the receptor complex relays a signal across the plasma membrane that leads to tyrosine phosphorylation of disabled-1 (Dab1), a cytoplasmic adaptor protein (Hiesberger et al. 1999) . Non-phosphorylated Dab1 binds to the phosphoinositide phosphatidylinositol-4,5-biphosphate (PI(4,5)P 2 ) in the inner leaflet of the plasma membrane and to an NPXY amino-acid sequence in the cytoplasmic tails of apoER2 and VLDLR (Stolt et al. 2005 ). This binding is necessary for correct localization of Dab1 at the plasma membrane and for downstream transduction of the reelin signal from phosphorylated Dab1 (Stolt et al. 2005) . Reelin binding to the receptor complex also leads to the activation of the cytoplasmic tyrosine kinases Fyn and Src, both of which phosphorylate Dab1 (Howell et al. 1997; Arnaud et al. 2003; . Phosphorylated Dab1 induces further activation of the two kinases . The consequent auto-activation of Fyn and Src generates a tyrosine -kinase cascade. The targets of this cascade include proteins involved in the dynamic organization of the actin cytoskeleton (Chung et al. 2001) . It is also possible that the Fyn/Src cascade synergizes with signals generated by ligand-engaged integrins at adhesion sites.
In addition to initiating the Fyn/Src tyrosine kinase cascade, reelin-dependent phosphorylation of Dab1 induces activation of the phosphatidylinositol 3 0 kinase (PI3-K; Beffert et al. 2002) . This enzyme catalyses the formation of phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P 3 ) from PI(4,5)P 2 by phosphorylating the inositol ring at C-3. PI(3,4,5)P 3 activates the monomeric GTPases, Rac and Rho, which control the assembly and organization of actin filaments at the leading edge of a moving cell (Chung et al. 2001) . have also shown that the chemical inhibition of PI3-K prevents the formation of a layered cortex in embryonic mouse brain in vitro, indicating that PI3-K is a component of a branch of the reelin pathway.
Although apoER2 and the VLDL receptor act jointly to initiate the reelin pathway, the two receptors may have divergent roles in the migration of cortical neurons (Hack et al. 2007 ).
HOW DOES REELIN CONTROL THE LAYERING OF NEURONS?
It is now more than 50 years since the reeler mutation was discovered and more than a decade since the reelin gene was cloned, yet we still have no generally accepted explanation, in terms of molecular interactions, as to how reelin controls the layering of neurons in the mammalian embryonic cerebral cortex. We need to explain how reelin, secreted into the outermost layer of the cortex, transmits a signal to each migrating neuron to halt at its laminar destination and leave its glial support. Beffert et al. (2002) have shown that the reelin pathway is active in growth cones at the tips of the leading processes of migrating neurons. This suggests that reelin does not need to diffuse from the MZ through the ECM as far as the cell bodies of migrating neurons in order to influence their behaviour. In the reeler brain, neurons leave the VZ at their normal birth date and crawl along their glial supports as far as the intermediate zone of the cortex. Therefore, the reelin pathway is not needed for normal functioning of the steps involved in the initial stages of crawling.
(a) a3 integrins in migrating cortical neurons The major integrin in neurons of developing mammalian brain is a3b1, the integrin responsible for neuron/glial adhesions. The essential role of the a3-subunit in brain development is shown by the absence of a layered cortex in gene-targeted a3 2/2 mice (Anton et al. 1999 ). In the normal embryonic cerebral cortex, a3 is expressed strongly in neurons in the VZ and is downregulated in neurons that have migrated into the CP (Anton et al. 1999) . In neuron-glial cultures, inactivation of a3 by anti-a3 antibodies stops migration of neurons and may cause them to disengage from their glia and adhere together in clusters. Anton et al. (1999) suggest that when migrating neurons reach the CP, expression of a3 is downregulated and that this leads to a change in the adhesive preference of CP neurons from glyophilic to neurophilic. This change would be expected to favour disengagement of migrating neurons from their glia and their assembly into cortical layers by neuron-neuron interaction. Observations on the behaviour of embryonic cortical neurons in mice with a null mutation in the Dab1 gene (scrambler mice) support this suggestion. Sanada et al. (2004) have shown that, in contrast to what occurs normally, in embryonic scrambler cortex the a3 integrin level in neurons that have migrated into the CP is not downregulated, and that these neurons do not disengage from their glia. In addition, Sanada et al. have shown that in the normal embryonic CP downregulation of a3 integrin and detachment of neurons from their glia require reelin-dependent phosphorylation of tyrosine 220 and tyrosine 232 of Dab1 in the reelin pathway (Sanada et al. 2004) . Dulabon et al. (2000) have shown that reelin inhibits migration of neurons and that this effect depends on the interaction of reelin with neuronal a 3 b 1 integrin. They have proposed a model for the formation of the layered CP in which changes in ligand preference of a 3 b 1 from glia to reelin play a significant role. Chai et al. (2009) have shown that inhibition of the migration of cortical neurons by reelin involves stabilization of the actin cytoskeleton in the leading processes of the neurons. Chai et al. have also provided evidence that this effect is due to inhibition of the breakdown of actin by n-cofilin, an actin-depolymerizing factor.
(b) Reelin as a positional signal It has been suggested that reelin functions in the embryonic mammal to provide migrating cortical neurons with information as to their position. A positional signal would be expected to reach its target cells from a specific direction in relation to the path taken by the migrating neurons. Magdaleno et al. (2002) have generated a line of transgenic reeler mice in which reelin was expressed in the embryonic cortex exclusively by cells in the VZ. In these mice, reelin reached the neuron from a direction opposite to that in normal mice. The ectopic reelin in the transgenic reeler mice corrected some, but not all, of the cytological abnormalities of reeler. In particular, migrating neurons in the embryonic cortex reached the CP region to produce a CP normally positioned but without layering of its neurons.
The failure of ectopic reelin to bring about a layered CP in reeler brains is consistent with the supposition that reelin secreted in the MZ of the normal cortex activates the reelin pathway in migrating neurons, causing them to detach from their glia, perhaps by the Dab1/a3 integrin mechanism discussed above. However, this explanation leaves open the problem of how the reelin pathway is switched on in each migrating neuron as it reaches a position in the CP appropriate for the functional class to which the neuron belongs. One possibility is that a neuron recognizes its correct cortical layer by means of a class-specific surface receptor that binds to a layer-specific ligand in the cortex (see discussion in McConnell 1989).
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It is difficult to envisage a guidance system for cortical layering that does not include signals arising from the extracellular environment, as well as those arising from within the cell itself.
REELIN AND APOLIPOPROTEIN E RECEPTOR 2 IN THE ADULT MAMMAL
(a) Long-term potentiation and synaptic plasticity Expression of reelin in the CR cells of mammalian brain ceases shortly after birth and is replaced by expression at a subset of gamma-aminobutyric acid-ergic interneurons in the cortex and hippocampus. Reelin secreted at these sites takes on a new role in association with a group of proteins clustered beneath the post-synaptic membrane in a dense complex known as the post-synaptic density (PSD). The proteins of the PSD include the adaptors PSD-95 and Dab1, tyrosine kinases of the Src family, the cytoplasmic domain of N-methyl-D-aspartate (NMDA) receptors (a subset of glutamate-gated ion channels) and the cytoplasmic domain of apoER2 (Ziff 1997) . In placental mammals, apoER2 is expressed in two different forms by alternative splicing of the RNA transcript. The 'long' form has an insert of 59aa containing three copies of a PXXP motif in the cytoplasmic tail. The insert is encoded in a separate exon (exon 19 in mice, exon 18 in primates); the 'short' form lacks the additional sequence.
(b) Reelin, synaptic plasticity and spatial learning At some synapses in the mature hippocampus, a short burst of repetitive firing in pre-synaptic cells leads to a change in synaptic behaviour such that a subsequent single pre-synaptic action potential evokes a greatly increased response in the post-synaptic cells. This effect, known as long-term potentiation (LTP), may last for months or longer and is essential for some forms of learning, for the formation and retention of long-term memories, and for the experience-based remodelling of synaptic connections that takes place throughout the life of a mammal (synaptic plasticity).
LTP is mediated by NMDA receptors and, in hippocampal slices from adult mice, is enhanced by reelin (Weeber et al. 2002) . Reelin enhances LTP by inducing tyrosine phosphorylation of NMDA receptors in the presence of apoER2 containing the 59aa insert, but has no effect on LTP in hippocampal slices from mice in which exon 19 has been deleted from the apoER2 gene (apoER2(Dex19) mice; Beffert et al. 2005) . Beffert et al. (2005) have also shown that apoER2 and the NMDA receptor form a functional complex in the PSD through which the reelin signal is transmitted from apoER2 to the NMDA receptor. The 59aa insert is not required for the physical interaction between the two receptors but is required for the transmission of the reelin signal. They suggest that the complex is formed by the binding of PSD-95 to a subunit of the NMDA receptor and to the insert in the tail of apoER2. In the model shown in figure 2 , binding of reelin to apoER2 promotes the assembly of the apoER2/PSD-95/NMDA receptor complex and the recruitment of tyrosine kinases, leading to activation of NMDA receptors and enhancement of LTP.
In apoER2(Dex19) mice, the failure of reelin to enhance LTP by activating NMDA receptors is accompanied by marked changes in behaviour. Fearconditioned memory formation is defective and there is a marked deficit in spatial learning, as shown by tests of ability to use spatial cues to escape from a water maze by locating a submerged platform (Beffert et al. 2005) . Despite these abnormalities in adult mice, the brains of apoER2(Dex19) embryos have normal inside-out layering of the cerebral cortex and normal arrangement of Purkinje cells in the cerebellum.
(c) Apolipoprotein E receptor 2 and the endocytosis of lipoproteins ApoER2 expressed in Chinese hamster ovary (CHO) cells binds b-VLDL but does not mediate internalization and intracellular degradation of the bound lipoprotein (Sun & Soutar 1999) . In the LDLR and in other receptors of the LDLR family, the NPXY motif acts as a signal for internalization of the surface-bound receptor via the clathrin-coated pit pathway, followed by the lysosomal degradation of its internalized ligand. So why does the NPXY motif in the cytoplasmic tail of apoER2 fail to operate in the same way? Sun & Soutar (2003) have constructed LDLR/apoER2 chimeras in which the extracellular and transmembrane domains were derived from the LDLR and the cytoplasmic domain was derived from apoER2 with or without the 59aa insert. When expressed in CHO cells, chimeras containing the normal insert in the cytoplasmic tail were unable to bind and internalize LDL. However, chimeras in which the insert was absent, or in which the proline residues in any of the three PXXP motifs were mutated, were able to bind and degrade LDL as efficiently as cells expressing normal LDLRs.
These observations suggest that the 59aa insert in apoEr2 masks the NPXY signal for the receptors to cluster in clathrin-coated pits. Stockinger et al. (2000) have shown that the 59aa insert binds the scaffold proteins JIP-1 and JIP-2. These proteins hold together the components of the c-Jun N-terminal kinase mitogenactivated protein kinase signalling module whose downstream targets include gene-regulatory proteins. JIP-1 also binds to RhoGEF (Meyer et al. 1999) , leading to activation of RhoA, a monomeric GTPase. Activated RhoA promotes the formation of stress fibres and the assembly of focal adhesions (Hall 1993) . Thus, the insert in apoER2 links the receptor to gene-regulatory proteins in the cell nucleus and to the actin cytoskeleton.
ASPECTS OF THE EVOLUTION OF APOLIPOPROTEIN E RECEPTOR 2 AND THE VERTEBRATE BRAIN (a) The cortical plate
The forebrain of contemporary amniotes (reptiles, birds and mammals) has a layered cortex that develops by migration of immature neurons from the VZ to form a transient CP. In non-mammalian amniotes, reelin is expressed in the MZ and Dab1 is expressed in the CP. Expression of two major components of the mammalian reelin pathway in reptiles and birds suggests that a reelin pathway similar to that in mammals controls cortical layering in these two groups. Comparative studies of embryonic amniotes (Bar et al. 2000) have shown that the CP is rudimentary in turtles (thought to belong to the most ancient reptilian lineage), is more elaborate in birds and crocodilians, and is most elaborate in lizards and mammals (see figure 3 for amniote family tree). The formation of the CP in non-mammalian amniotes proceeds from outside to inside, not from inside to outside as in mammals. On the basis of these observations, Bar et al. (2000) suggest that in stem amniotes the development of a layered cortex involved the formation of a rudimentary CP by accretion of migrating neurons from outside to inside. The change to an inside-out mode of forming the CP in mammals could perhaps be seen as an evolutionary strategy for facilitating the remarkable outward expansion of the mammalian cortex by the addition of neurons generated in the deepest cortical layer.
(b) Apolipoprotein E receptor 2 ApoER2 is a member of the LDLR family. ApoER2 and the LDLR have the same domain structure, with an extracellular portion containing multiple binding repeats followed by a sequence of approximately 400 amino acids homologous to a segment of the epidermal growth factor (EGF) precursor, and a cytoplasmic tail containing the NPXY motif. The 400 amino acid sequences in apoER2, the LDLR and the EGF precursor are encoded by a similar block of eight exons. This sharing of exons by genes from different protein families is assumed to have come about by insertion of exons from somewhere in the genome into ancestors of contemporary genes (exon shuffling). In addition to the similar domain structure of the two receptors, the amino acid sequences within corresponding domains (excluding the 59aa insert in apoER2) are strongly homologous. These similarities indicate that the genes encoding apoER2 and the LDLR are descended from a common ancestor that duplicated at least once, giving rise to two or more lineages, one of which generated the apoER2 gene by mutation and the acquisition of exons by shuffling; another lineage generated the LDLR gene.
(c) The apolipoprotein E receptor 2 ligand-binding domain ApoER2 is expressed in the brains of chickens and mice, and in both species the ligand-binding domain has eight repeats (Brandes et al. 1997) ; apoER2 of humans and marmosets (New World monkeys) has seven binding repeats. Kim et al. (1998) have shown that the human and marmoset apoER2 genes contain a pseudo-exon in the position corresponding to the exon encoding binding-repeat 8 in the mouse and the cow. A transcript of the pseudo-exon sequence is not spliced into the message owing to the presence of two point mutations in the 5 0 -splice donor adjacent to the pseudo-exon in the human and marmoset genes. Kim et al. (1998) suggest that at a recent stage in the evolution of the apoER2 gene, the above two mutations occurred in the gene of an ancestral primate, leading to skipping of the exon encoding the eighth binding repeat of the receptor in contemporary primates. Hence, the exon encoding the insert in the apoER2 tail is number 19 in non-primate placental mammals and number 18 in primates.
(d) The 59 amino acid insert in apolipoprotein E receptor 2 A highly conserved sequence of 59 amino acids is present in the cytoplasmic tail of apoER2 in all placental mammals that have been studied. The single exon encoding the insert is absent from the apoER2 gene in chickens (Brandes et al. 1997) . I have excluded the presence of this exon in the apoER2 gene of Alligator mississippiensis by the analysis of genomic DNA from alligator embryos. Alligator DNA corresponding to the region spanning exon 17 to exon 19 in the human gene was amplified by polymerase chain reaction (PCR) with degenerate human primers. The PCR products contained sequences homologous to sequences in human exons 17 and 19, but there was no sequence homologous to human exon 18 in the intervening region (N. B. Myant 2004, unpublished observation). Sequences homologous to exons 17 and 19 of the apoER2 gene are present in Monodelphis domestica (a marsupial) in a region of chromosome 2 that is syntenic with a region of human chromosome 1 containing the apoER2 gene (http://www.ensembl.org/ Monodelphis_domestica/Info/Index). Therefore, the apoER2 gene is present in the marsupial. However, the marsupial gene has no sequences homologous to human exon 18 (http://www.ensembl.org/Monodelphis_ domestica/Info/Index).
Modern birds are descended from bipedal dinosaurs. Dinosaurs are descended from an ancient group of reptiles called Archosaurs, which also gave rise to crocodilians through a separate lineage (figure 3). The absence of the additional exon in the apoER2 gene of chickens and alligators, two species derived from two separate lineages, indicates that this exon was not present in the primordial gene in stem reptiles. The absence of the additional exon in a marsupial suggests that the exon was not added until after the placental-marsupial divergence in the mammalian lineage, thought to have occurred around 140 Ma (Dawkins 2004) . Adapted from Beffert et al. (2005) with the permission of the authors.
As discussed above, deletion of the additional exon in the mouse apoER2 gene (exon 19) leads to marked defects in long-term memory storage and spatial learning, probably by interruption of reelin-mediated activation of NMDA receptors. The addition of this exon to the evolving apoER2 gene in placental mammals may therefore have opened the way for the assembly of a signalling pathway involving reelin, the apoER2 cytoplasmic tail, PSD-95 and the NMDA receptor, with effects on behaviour that would have had a favourable influence on survival. In the evolution of amniotes, a change in the mode of formation of the CP from outside-in to insideout occurred in mammals (Bar et al. 2000) . The genetic changes underlying this event are not known. Insertion of the exon encoding the 59aa in the apoER2 gene may also have occurred at an early stage in the mammalian line (see above). However, the migration of cortical neurons and the formation of an inside-out CP in brain slices from apoER2(Dex19) mice are normal (Beffert et al. 2005) . It is therefore unlikely that the addition of exon 19 to the apoER2 gene played any part in the evolutionary change to the inside-out CP of modern mammals.
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